ABSTRACT Neutralization by antibodies and complement limits the effective dose and thus the therapeutic efficacy of oncolytic viruses after systemic application. We and others previously showed that pseudotyping of oncolytic rhabdoviruses such as maraba virus and vesicular stomatitis virus (VSV) with the lymphocytic choriomeningitis virus glycoprotein (LCMV-GP) results in only a weak induction of neutralizing antibodies. Moreover, LCMV-GP-pseudotyped VSV (VSV-GP) was significantly more stable in normal human serum (NHS) than VSV. Here, we demonstrate that depending on the cell line used for virus production, VSV-GP showed different complement sensitivities in nonimmune NHS. The NHS-mediated titer reduction of VSV-GP was dependent on activation of the classical complement pathway, mainly by natural IgM antibodies against xenoantigens such as galactose-␣-(1,3)-galactose (␣-Gal) or N-glycolylneuraminic acid (Neu5Gc) expressed on nonhuman production cell lines. VSV-GP produced on human cell lines was stable in NHS. However, VSV-GP generated in transduced human cells expressing ␣-Gal became sensitive to NHS. Furthermore, GP-specific antibodies induced complement-mediated neutralization of VSV-GP independently of the producer cell line, suggesting that complement regulatory proteins potentially acquired by the virus during the budding process are not sufficient to rescue the virus from antibody-dependent complement-mediated lysis. Thus, our study points to the importance of a careful selection of cell lines for viral vector production for clinical use.
antibody-and complement-mediated neutralization of VSV could potentially weaken the efficacy of systemic oncolytic therapy of cancer.
The complement system represents an evolutionarily old innate defense mechanism against invading pathogens (7) . Activation of the complement system via the classical, lectin, or alternative pathways converges at the third complement component (C3). Direct activation of the complement cascade by pathogens through lectin and alternative pathways or, alternatively, the induction of classical complement pathway by specific IgG and IgM antibodies bound to the microbial surface plays an important role in the host defense against bacteria and viruses. Complement activation increases phagocytosis via opsonization with C3 fragments, promotes inflammation via the generation of complement anaphylatoxins C3a and C5a, and induces direct CML of susceptible pathogens via the generation of the C5b-C9 membrane attack complex.
VSV has two major limitations for therapeutic applications: (i) its neurotoxicity and (ii) the fact that VSV easily induces neutralizing antibody responses (4, 8) . Thus, VSV glycoprotein G has been replaced by the glycoprotein GP of LCMV, and the chimeric VSV-GP demonstrates the same oncolytic capacity as VSV (9) . More importantly, VSV-GP overcomes both limitations of VSV. VSV-GP is not neurotoxic and does not induce neutralizing antibodies upon the first application (10, 11) . Furthermore, VSV-GP has been demonstrated to be more stable in human serum compared to VSV (9) .
The systemic delivery of infectious oncolytic virus is critical for clinical efficacy, and thus a careful characterization of virus serum stability of VSV-GP was performed. Our study demonstrates differences in CML of VSV-GP produced in different cell lines, which was dependent on the presence of xenoantigen-specific antibodies in human serum. Xenoantigens are antigens of one species that induce an immune response in members of a different species. Thus, natural antibodies in human serum against xenoantigens derived from nonhuman virus-producing cells might reduce effective dose of OVs.
RESULTS
Production cell line-dependent serum stability of VSV-GP. First, we confirmed that the titer of VSV is drastically reduced after incubation with nonimmune human serum (NHS) as a source of complement (Fig. 1A) (6) . Medium alone (w/o) or heatinactivated NHS (hiNHS) served as controls. VSV produced on murine L929 or hamster BHK-21 cells showed a titer drop of Ͼ3 logs; also, the titer of virus grown on African green monkey Vero cells and human A549 cells was strongly reduced in the serum resistance assay. Interestingly, in contrast to VSV, the serum sensitivity of LCMV GP-pseudotyped VSV-GP was dependent on the producer cell line. Similar to VSV, VSV-GP produced on L929 cells and Vero cells resulted in a significant titer loss of up Data were analyzed by GraphPad Prism software using ANOVA, followed by Dunnett's multiple-comparison test (****, ***, and **, significant at P Ͻ 0.0001, P Ͻ 0.001, and P Ͻ 0.01, respectively). to 4 and 2 logs, respectively (Fig. 1B) . However, VSV-GP derived form BHK-21 cells was relatively stable in NHS with a titer loss up to 1 log compared to VSV, which is in line with previous observations (10) . In contrast to VSV, VSV-GP produced on human A549 (Fig. 1B) or HeLa (data not shown) cells was completely resistant to NHS. Furthermore, cell lines used for virus production showed similar serum sensitivities as we observed with VSV-GP produced in the corresponding cell line (data not shown).
VSV-GP is serum sensitive in a time-and concentration-dependent manner. To further characterize the serum-mediated neutralization of VSV-GP, we tested different time periods of incubation in the presence of NHS using VSV-GP produced on Vero cells ( Fig. 2A) . Already after 5 min, a titer reduction of more than 50% was observed, and after 15 min a Ͼ1-log decline of infectious virus titer was detected. After 45 min of exposure time to NHS, a maximal reduction of up to 2 logs of VSV-GP(Vero) was reached. As expected, we could also show that viral neutralization was dependent on the concentration of NHS (Fig. 2B) . VSV-GP(Vero) was incubated in the presence of different dilutions of hiNHS or NHS (10, 20, or 50%) for 45 min. The presence of NHS at a dilution of 1:10 resulted in only a slight titer reduction of VSV-GP(Vero). Increasing the concentration of NHS to 20 and 50% led to a reduction of VSV-GP infectious titers to nearly 1 log and up to 2 logs, respectively. Incubation of VSV-GP in the presence of hiNHS did not affect the virus titer.
Neutralization of VSV-GP in NHS is mediated by the activation of the classical complement pathway. Since heat inactivation of NHS completely abrogated serum neutralization of both VSV and VSV-GP, the serum sensitivity of the viruses is most likely related to CML. To confirm the involvement of complement in serum neutralization of VSV-GP, we used EDTA to block complement activation. Addition of EDTA in a concentration range from 2.5 to 10 mM completely blocked NHS-mediated titer loss of VSV-GP(Vero) (Fig. 3A) and VSV-GP(BHK-21) (data not shown), supporting the role of complement in VSV-GP(Vero) and VSV-GP(BHK-21) serum sensitivity. To define which of the three complement pathways is involved in CML of VSV-GP(Vero), we used magnesium EGTA (MgEGTA) that selectively inhibits the initiation of the classical and the lectin but not the alternative complement pathway (12, 13). As we could completely block CML of VSV-GP(Vero) (Fig. 3B ) and VSV-GP(BHK-21) (data not shown) with MgEGTA, the alternative complement pathway is negligible for complement-mediated virus neutralization.
To further investigate CML of VSV-GP, we next inhibited the IgM-induced classical complement activation by preincubating NHS with an anti-human IgM antibody as described previously (6, 14) . By blocking IgM-mediated complement activation, the CML of VSV-GP(L929) was strongly reduced (Fig. 4A) . If the anti-human IgM antibody with VSV-GP(Vero) was used, a concentration-dependent, complete inhibition of CML could be seen (Fig. 4B) .
Xenoantigens ␣-Gal and Neu5Gc are involved in the CML of VSV-GP derived from nonhuman cell lines. Serum sensitivity of VSV-GP derived from nonhuman cell lines suggest that the classical complement pathway may be activated by natural antibodies (Abs) recognizing xenoantigens. The majority of xenoantigen-recognizing natural Abs (IgMs, IgGs, and IgAs) in human serum are directed against a carbohydrate epitope named Gal␣1-3Gal␤1-4GlcNAc-R (␣-Gal) (15, 16) . Using a virus capture assay (VCA), we could capture VSV-GP(L929) virions with an ␣-Gal-specific Ab, revealing the presence of ␣-Gal on the surface of VSV-GP(L929) (Fig. 5A ). To analyze whether this xenoantigen is involved in CML of VSV-GP, we preincubated hiNHS and NHS with the soluble disaccharide Gal␣1-3Gal (␣-Gal) to block anti-␣-Gal natural Abs before conducting the serum sensitivity assays. This resulted in 2-log reductions in the CML of VSV-GP derived from mouse L929 cells (Fig. 5B) . In contrast, no inhibition of CML by preincubation with ␣-Gal was observed when VSV-GP(Vero) was used, where the epitope is known to be lacking on the producer cell line (Fig. 5C ) (17) . Besides ␣-Gal, other xenoepitopes may be involved in the CML of VSV-GP derived from nonhuman cell lines. Sialic acids differ in the expression on distinct cells and play a role in human comple- ment activation (18, 19) . By VCA we could confirm the presence of N-glycolylneuraminic acid (Neu5Gc) on the surface of VSV-GP(Vero) virus (Fig. 5A) . Next, by preincubation with Neu5Gc, we blocked natural Abs against this epitope, which is expressed on all animal cells except human cells. As a negative control, the most abundant silica acid, expressed also on human cells, N-acetylneuraminic acid (Neu5Ac) was used. By blocking Neu5Gc-specific Abs, we could partially inhibit CML of VSV-GP(L929) by up to 1 log (Fig. 5B) . The same extent of partial CML inhibition was found for VSV-GP produced on Vero or BHK-21 cells (Fig. 5C and data not shown, respectively). In contrast, Neu5Ac did not affect the CML of VSV-GP.
To finally prove that CML is initiated by ␣-Gal-specific natural Abs present in human serum, we stably transduced A549 cells with the enzyme 3Gal␤1-GlcNAc-␣1-galactosyltransferase (␣-GT). This enzyme is essential for ␣-Gal synthesis and is silenced A virus capture assay using Abs against GP, ␣-Gal, or Neu5Gc reveals the presence of ␣-Gal on VSV-GP(L929) and Neu5Gc on VSV-GP(Vero). Sera were preincubated with soluble disaccharide Gal␣1,3Gal (␣-Gal) or sialic acid N-glycolylneuraminic acid (Neu5Gc) prior to the addition of viral particles. N-Acetylneuraminic acid (Neu5Ac) served as a negative control. Serum sensitivity assays of VSV-GP(L929) (B) and VSV-GP(Vero) (C) were performed, and infectious viral titers were determined by plaque assays. The data show the results from two independent experiments with two technical replicates. Mean values are shown, and error bars indicate the SD. in human cells. A549 cells transduced with ␣-GT expressed ␣-Gal (Fig. 6A) , which consequently should be incorporated into VSV-GP produced on these cells. Virus grown on nontransduced A549 cells was again serum resistant, and the addition of ␣-Gal had no effect on serum stability (Fig. 6B) . VSV-GP derived from ␣-GT transduced A549 cells [VSV-GP(␣-Gal-A549)] induced CML in the presence of NHS, resulting in a titer reduction of up to 2 orders of magnitude (Fig. 6C) . Further, we could block CML of VSV-GP(␣-Gal-A549) by adding soluble ␣-Gal to the assay, thereby demonstrating the specificity of ␣-Gal-induced CML (Fig. 6C) . was stably transduced with 3Gal␤1-GlcNAc-␣1-galactosyltransferase (␣-GT), which leads to the presence of the ␣-Gal epitope on the cell surface. The expression of the xenoantigen ␣-Gal on nontransduced A549 cells and transduced ␣-Gal-A549 cells was determined with an anti-␣-Gal antibody, followed by incubation with a labeled secondary antibody. Subsequently, the cells were analyzed by flow cytometry. As a positive control, mouse L929 cells were used; as a negative control, an appropriate isotype control was used. (B and C) VSV-GP was produced on ␣-GT-transduced cells [VSV-GP(␣-Gal A549)]. Serum resistance assays of VSV-GP(A549) (B) and VSV-GP(␣-Gal-A549) (C) were performed in the presence or absence of soluble ␣-Gal. Virus titers were determined by plaque titration. The data show the results of two independent experiments with two technical replicates. Mean values are shown, and error bars indicate the SD. Data were analyzed by GraphPad Prism software using ANOVA, followed by Dunnett's multiplecomparison test (***, significant at P Ͻ 0.001).
GP-specific Abs and immune serum induce complement-mediated lysis of VSV-GP derived from a human cell line. VSV-GP(␣-Gal-A549) showed serum sensitivity, suggesting that A549-derived virus can be destroyed by complement if activated by Abs. Therefore, it was of interest to study the CML of VSV-GP(A549) in the presence of specific antibodies against the glycoprotein GP. In the absence of complement, classical neutralization of VSV-GP by the GP-neutralizing monoclonal antibody Wen4 (20) Fig. 7A ) and VSV-GP(BHK-21) (data not shown) up to 4 logs. In addition to Wen4, we used GP-specific immune sera derived from VSV-GP-vaccinated rabbits collected at day 10 postimmunization. After preincubation of VSV-GP(A549) with heat-inactivated nonimmune or immune rabbit serum as a source of GP-specific Abs, we conducted serum resistance assays with NHS. In contrast to Wen4, rabbit immune sera after VSV-GP immunization did not show classical neutralization capacity in the presence of hiNHS. However, antibody binding induced viral titer reductions of Ͼ1 log when NHS was present (Fig. 7B) . Thus, VSV-GP induced binding antibodies with the capacity to neutralize VSV-GP in a complementdependent manner.
DISCUSSION
VSV-GP represents a promising new therapeutic agent. The virus selectively replicates in tumor cells and shows auspicious results in cancer treatment in various mouse models (10, 21, 22) . Furthermore, additional genes can be added to the viral genome, and VSV-GP can be used as a vaccine vector (11, 23) . From the clinical point of view, the systemic delivery of OVs might be beneficial not only due to the simplicity of application but also because viruses can reach disseminated tumors or metastatic lesions easily. However, the inactivation of OVs in the bloodstream by neutralizing antibodies and the complement system reduces the efficacy of systemic applications of virotherapies (24, 25) . The serum sensitivity of VSV-GP was dependent on the presence of producer cell-derived xenoantigens on the virus recognized by natural IgM antibodies present in human serum. Binding of xenoantigen-specific antibodies induced the classical complement pathway, which in turn resulted in complement-mediated lysis of VSV-GP in nonimmune human serum. In contrast, VSV-GP produced on human cells was stable in NHS.
First, we demonstrated that compared to VSV, VSV-GP is more stable in nonimmune human serum when produced on hamster or human cells but not on mouse or monkey cells. The serum sensitivity of VSV has been shown to be dependent on complement VSV-GP(A549) was preincubated with monoclonal LCMV GP-specific antibody (Wen4) or an appropriate isotype control. Rabbits were vaccinated with VSV-GP, and at 10 days postimmunization sera were collected and heat inactivated (hiRS). (B) Virus was preincubated with nonimmune or GP-immune hiRS for 10 min. Serum sensitivity assays were conducted with NHS, hiNHS, or GMEM (w/o) in two independent experiments with two technical replicates. Mean values are shown, and error bars indicate the SD. Data were analyzed by GraphPad Prism software using ANOVA, followed by Dunnett's multiple-comparison test (****, **, and *, significant at P Ͻ 0.0001, P Ͻ 0.01, and P Ͻ 0.05, respectively).
activation by natural antibodies recognizing viral epitopes (5, 6) . In contrast to VSV, our data showed that the serum stability of VSV-GP depends on the producer cell line since the virus was completely resistant against NHS when produced on human A549 cells. Blocking complement by heat inactivating NHS or using EDTA or MgEGTA fully abrogated the titer loss of VSV-GP. This provides evidence that the activation of the classical or lectin pathway of complement activation is required for VSV-GP neutralization in NHS. The blockade of IgM-mediated complement activation resulted in an entirely restored VSV-GP(Vero) titer supporting a crucial role of activation the classical complement pathway by naturally occurring IgM antibodies for the serum sensitivity of VSV-GP(Vero). The remaining titer loss of VSV-GP produced on mouse L929 cells after IgM blockade might be related to IgG binding, which can also activate the classical complement pathway (26, 27) . Taken together, NHS-mediated neutralization of VSV-GP(L929) and VSV-GP(Vero) suggests a destruction of the virus by complementmediated lysis (CML). A previous study has provided electron microscopy analysis of VSV in the presence of NHS and showed clear virolysis (28) . Ab-mediated CML of VSV-GP relies on the same mechanism described for VSV; thus, we suppose that complement-mediated neutralization is mainly related to virolysis. However, we could not exclude that a steric hindrance through the deposition of complement proteins on the viral surface is also involved in the neutralization.
During the budding process, VSV-GP virions may incorporate cellular membrane components, as already shown for other enveloped viruses which can potentially be recognized by antibodies (29) . Highly abundant natural Abs (IgMs and IgGs) in human serum target the disaccharide ␣-Gal (30). The lack of ␣-GT in Old World monkeys, apes, and humans leads to the absence of ␣-Gal on cells of these species (17) . According to this, in a VCA we could demonstrate the presence of ␣-Gal on VSV-GP produced on L929 but not on Vero cells. In subsequent experiments, we showed that complement activation by natural ␣-Gal-specific antibodies in NHS strongly reduces the titer of VSV-GP produced on mouse L929 cells. The weaker serum sensitivity of VSV-GP(BHK-21) can be explained by the lack of ␣-Gal on BHK-21 cells (31) . Previous data on other enveloped viruses, such as VSV, specific herpesviruses, and type C retroviruses, which are neutralized in NHS depending on ␣-Gal availability in infected cells, support our findings (30) (31) (32) 49) . VSV-GP produced on Old World monkey Vero cells was also strongly sensitive to NHS despite the lack of ␣-Gal expression. However, blocking of N-glycolylneuraminic acid-specific antibodies significantly reduced the CML of VSV-GP(Vero). In line with this result, Neu5Gc was detected on VSV-GP(Vero) cells using a VCA. The remaining neutralization of VSV-GP(Vero) in NHS indicates that Abs against xenoantigens other than N-glycolylneuraminic acid are most likely involved in the induction of the classical complement pathway (33) .
Both xenoantigen-and GP-specific antibody-dependent complement-mediated neutralization of VSV-GP might be important for in vivo systemic virus applications. Whereas xenoantigen-specific Ab-dependent CML is dominant after the first application, GP-specific Abs become relevant upon repeated applications of VSV-GP. In previous studies, we have shown that although VSV-GP weakly induces GP-specific neutralizing Ab responses (at least in mice), a boostable production of Abs against antigens encoded by the virus can be observed (11, 34) . Antibody-dependent CML is most likely enhanced after second and third applications of VSV-GP when both xenoantigen-and GP-specific antibodies are presented and even boosted. Thus, the presence of both types of Abs results in an enhanced Ab deposition on the viral surface hence an increased induction of classical complement activation and subsequent virolysis. The relative contribution of xenoantigen-and GP-specific Abs in viral neutralization is difficult to differentiate and might be dependent on both the concentration and the affinity of such Abs in individual serum samples. A previous study has shown that GP-specific antibodies induce a robust complement-mediated neutralization which decreases the effective dose of LCMV GP-pseudotyped maraba virus delivered in tumors in vivo (25) . That study clearly demonstrates that Ab-dependent complementmediated neutralization of OVs reduces systemic delivery in vivo. Since the CML by xenoantigen-or GP-specific Abs relies on the same mechanism of complement activation it is likely that xenoantigen-specific antibodies also reduce the effective dose in vivo similarly to GP-specific antibody neutralization. However, this aspect is difficult to investigate in vivo. There are xenoantigens, which are known to react with antibodies present in nonimmune human serum. In contrast, there are, to our knowledge, no similar xenoantigens that are useful in experimental animal models. Furthermore, the mouse, representing the easiest model for in vivo investigations, is not suitable since mouse complement is less efficient compared to human complement due to its lower lytic activity (35) . Because of these difficulties, we could not provide direct in vivo relevance of our findings in the present report, and this aspect needs to be investigated in future studies.
Our results support the use of a human producer cell line to allow efficient systemic delivery of VSV-GP and most likely also of other enveloped oncolytic viruses in humans. Nevertheless, it was shown in different animal models that LCMV GP-specific antibodies arise after repeated virus applications (25) . Accordingly, we noticed a complementdependent neutralization of VSV-GP in the presence of GP-specific antibodies. Furthermore, the expression of ␣-Gal on ␣-GT-transduced human A549 cells leads to CML of VSV-GP produced on these cells. This indicates that serum resistance of VSV-GP(A549) is due to the lack of complement activation rather than an inhibition of CML by human complement regulatory proteins (CRPs) potentially acquired on the viral surface from human producer cells during the budding process. Viruses like herpesvirus, retrovirus, and mumps virus, as well as VSV, can assemble CRPs onto their surfaces, and it was shown that this incorporation can lead to a reduction of complement-mediated lysis (28, 36, 37) . We could detect CRPs such as CD55, CD46, and CD59 on VSV-GP(A549) viral particles (data not shown). However, our data suggest that the presence of these CRPs is not sufficient to protect the VSV-GP from CML, when antibodies either against xenoepitopes or viral epitopes are present.
Several approaches have already been tested to rescue the complement-mediated serum inactivation of VSV. The insertion of selective mutations into the glycoprotein, the overexpression of surface CRPs or PEGylation of VSV all improved the stability in human serum but did not result in a complete rescue of CML (38) (39) (40) . Thus, the generation of a serum-resistant VSV remains challenging. The importance of serum stability for the effective delivery of viral vectors was shown in different studies demonstrating that the depletion of complement in vivo led to a higher treatment efficiency (24, 25, 41, 42) . Here, we showed that in contrast to VSV, VSV-GP is resistant to CML in NHS when produced on human cells, at least in the absence of virus-specific Abs. With respect to the systemic delivery of VSV-GP, as an oncolytic agent, the presence of xenoantigens on the virus surface derived from nonhuman production cells is expected to be highly disadvantageous. In contrast, when VSV-GP is used as a vaccine vector xenoantigens such as ␣-Gal might increase the immunogenicity of the vaccine (43) . Thus, we point out that the producer cell line for viral vectors matters and has to be carefully chosen in consideration of the application purpose.
MATERIALS AND METHODS
Ethics statement. Animal experiments were performed according to the national animal experimentation law and were approved by the ethics committees of the Medical University of Innsbruck and the Austrian Federal Ministry of Science and Research (BMWF-66.011/0010-WF/V/3b/2016).
Cells. The mouse connective tissue fibroblast line L929 (ACC 2, from DSMZ), the hamster kidney fibroblast line BHK21 (clone 13, from ECACC), the African green monkey kidney epithelial line Vero (CCL-81, from ATCC), and the human lung carcinoma line A549 (ACC 107, from DSMZ) were used in our experiments. L929 and A549 cells were cultured in Dulbecco modified Eagle medium (Lonza) supplemented with 10% fetal calf serum (FCS; Life Technologies) and 4 mM L-glutamine (from Gibco/Thermo Fisher). BHK-21 cells were maintained in Glasgow minimal essential medium (GMEM; Lonza) supplemented with 10% FCS (Life Technologies), 5% tryptose phosphate broth (Gibco/Thermo Fisher), and 4 mM L-glutamine. Vero cell were cultivated under serum-free conditions in VP-SFM medium (Gibco/ Thermo Fisher) supplemented with 4 mM L-glutamine.
Viruses. VSV-GP, a VSV pseudotyped with the glycoprotein (GP) of LCMV is described elsewhere (10) . VSV and VSV-GP were produced on L929, BHK-21, Vero, and A549 cells. Virus supernatants were filtered (0.45-m pore size) to remove cell debris and subsequently concentrated via low-speed centrifugation using a 20% sucrose cushion. Virus pellets were resuspended in phosphate-buffered saline (PBS). Generated virus stocks were aliquoted, titrated on confluent BHK-21 monolayers using a plaque assay, and stored at -80°C until use.
Virus neutralization in human serum. Normal human serum (NHS) was prepared from blood of 8 to 10 healthy volunteers. Blood was allowed to clot at room temperature and subsequently centrifuged at 800 ϫ g for 10 min. Serum was collected and stored in working aliquots at -80°C until use. Some of the aliquots were heat inactivated at 56°C for 30 min and stored at -80°C until it was used as heat-inactivated NHS (hiNHS).
In serum resistance assays, 10 6 PFU/ml of VSV or VSV-GP in a total volume of 100 l was incubated in the presence of 50% hiNHS or NHS for 45 min at 37°C in a Thermo-Shaker at 650 rpm. As a control, virus was incubated in GMEM alone (w/o). The remaining infectious virus was determined by a plaque assay on BHK-21 cells. To analyze the kinetic of serum neutralization, samples were assessed after different incubation periods from 5 to 60 min. The effect of serum concentration on VSV-GP neutralization was tested using 10, 20, and 50% concentrations of either hiNHS or NHS. We also investigated neutralization in human serum in the presence of GP-specific antibodies. For this, we performed experiments in the presence of the LCMV GP-specific neutralizing antibody clone Wen4 (in a 1:10 dilution of a hybridoma cell supernatant, kindly provided by Annette Oxenius, ETH Zurich, Switzerland) or an appropriate isotype control (IgG2a). Alternatively, 1:10 diluted heat-inactivated rabbit serum (hiRS) from VSV-GP-immunized rabbits was used as source of GP-specific antibodies. Serum was collected 10 days after the VSV-GP immunization (3 ϫ 10 9 50% tissue culture infective doses applied intravenously). Here, we applied heat-inactivated nonimmune rabbit serum as a negative control.
To confirm the role of complement for VSV-GP neutralization in human serum, we blocked complement activation using EDTA (Invitrogen, Thermo Fisher) at concentrations ranging from 0.625 to 10 mM. To further investigate complement pathways involved in neutralization of VSV-GP, experiments were repeated in the presence of MgEGTA (0.1 M MgCl 2 [Scharlau] and 0.1 M EGTA [Fluka] , sterile filtration, pH 7.3), known to selectively inhibit classical and lectin pathways but not alternative pathways of complement activation.
To determine the involvement of natural antibodies of the IgM isotype (nIgM) in the neutralization of VSV-GP, we performed serum resistance assays in the presence of anti-human IgM antibodies (Bethyl Laboratories, Inc.) as described previously (6) . NHS, hiNHS, or GMEM were incubated with 10 g of anti-human IgM antibody for 30 min on ice prior to the addition of virus, and serum resistance assays were conducted as described above.
Natural IgMs against xenoantigens such as the carbohydrate structure galactose-␣-1,3-galactose (␣-Gal) or nonhuman sialic acid N-glycolylneuraminic acid (Neu5Gc) are present in NHS (18, 44) . Thus, we incubated NHS or hiNHS with either 10 mM ␣1-3 galactobiose (Dextra Laboratories) or 10 mM Neu5Gc (A. G. Scientific, Inc.) for 30 min on ice in order to saturate nIgMs recognizing these molecules. We also used 10 mM N-acetylneuraminic acid (Neu5Ac; A. G. Scientific, Inc.) as a negative control. Subsequently virus was added, and serum resistance assays were performed as described above.
Serum stability of virus-producing cell lines. Different virus-producing cell lines (L929, BHK21, Vero, and A549) were detached with Accutase (Sigma-Aldrich) and washed, and 2 ϫ 10 5 cells were resuspended in 80 l of the respective medium. Afterward, the cells were incubated with 20% nonimmune hiNHS or NHS for 1 h at 37°C. The cells were washed and resuspended in PBS supplemented with propidium iodide. The cell viability was analyzed by flow cytometry.
Virus capture assay. To detect ␣-Gal and Neu5Gc on the viral surface, we performed a virus capture assay (VCA) described elsewhere (45) . Briefly, 96-well enzyme-linked immunosorbent assay (ELISA) plate was coated overnight at 4°C with polyclonal rabbit anti-mouse immunoglobulins (Dako) diluted in coating buffer (0.1 M NaHCO 3 [pH 9.6]) at a concentration of 25 g/ml. The plates were washed with PBS, and specific antibodies (Abs) against the viral envelope (antibody clone KL-25, kindly provided by Anette Oxenius, ETH Zurich, Switzerland) or ␣-Gal (Enzo) and the corresponding isotype controls (IgG1 and IgM, respectively) were added. Alternatively, ELISA plates were directly coated with a polyclonal chicken IgY Ab against Neu5Gc or the corresponding isotype control (both from BioLegend) at a dilution of 1:25. After 3 h of incubation at 4°C, the plates were washed with PBS, and 10 6 PFU of VSV-GP(L929) or VSV-GP(Vero) was added to the wells in 50 l of RPMI medium. After overnight incubation at 4°C, the plates were washed five times with RPMI medium. The RNA of the bound virus was harvested using a virus RNA isolation kit (Qiagen) and amplified by real-time PCR. RNA from the capture assay of VSV-GP was tested in triplicate by using the forward primer 5=-AGTACCGGAGGATTGACGACTAAT-3=, the reverse primer 5=-TCAAACCATCCGAGCCATTC-3=, and the probe 5=-FAM-ACCGCCACAAGGCAGAGATGTGGT-BH Q-3= (all from Sigma). Reactions were performed with the iTaq Universal Probes one-step kit (Bio-Rad) using a 10-l reaction mixture volume. The reaction was run on an iCycler iQ (Bio-Rad) at following settings: 10 min at 50°C, 2 min at 95°C, followed by 40 cycles of at 95°C for 15 s and 60°C for 30 s. The data were analyzed using an iCycler iQ data analysis module.
Transduction of cell lines. To prove the role of the xenoepitope ␣-Gal in the complement sensitivity of VSV-GP, we generated a human A549 cell line stably expressing 3Gal␤1-GlcNAc-␣1-galactosyltransferase (␣-GT) and used these cells for virus production. The open reading frame for the porcine ␣-GT gene (46) was purchased from GeneArt (Thermo Fisher Scientific) and cloned via AgeI/EcoRI sites into the gammaretroviral vector MP91-mcs-IRES-Puro (47) . Gammaretroviral particles were produced as described previously (48) . A549 cells were transduced with the supernatant and subsequently selected with 10 g/l puromycin (Gibco/ Thermo Fisher). After several rounds of passaging, ␣-Gal expression on the surfaces of A549 cells was confirmed by flow cytometry, and the cells were used for VSV-GP production.
Flow cytometry. Cells were detached with Accutase (Sigma-Aldrich) and washed two times with PBS supplemented with 2% FCS and 5 mM EDTA. The monoclonal ␣-Gal antibody clone M86 (EnzoLife Sciences, Inc.) and the secondary anti-mouse IgM-APC (BD Pharmingen) were used to detect ␣-Gal expression. Samples were measured using a FACSCanto II (Becton Dickinson) flow cytometer and analyzed using FlowJo software (FlowJo).
Statistical analysis. All statistical analyses were performed with Prism 5 software (GraphPad) using an ordinary one-way analysis of variance (ANOVA), followed by Dunnett's multiple-comparison test. Further information on the P values is given in the figure legends.
